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Head and neck squamous cell carcinoma (HNSCC) is the seventh most frequent cancer in the world, affecting over 680 000 patients annually.[1](#cas12914-bib-0001){ref-type="ref"} Despite recent therapeutic advances in the locoregional control of HNSCC, the current 5‐year survival rate is only 50--60%.[2](#cas12914-bib-0002){ref-type="ref"} Among the prognosis‐predictive factors of HNSCC, lymph node metastasis is a major risk factor, and controlling metastasis is still a challenging theme in the field of HNSCC treatment. In this study, we hypothesized that the selective activator protein‐1 (AP‐1) inhibitor T‐5224 might exert an antimetastatic effect on HNSCC by inhibiting the multigenic programs associated with metastasis.

Activator protein‐1 is a transcriptional factor composed of basic region‐leucine zipper protein families that are composed of the Fos family, Jun family, and cyclic AMP‐dependent transcription factor family. These proteins are dimerized to form a transcriptionally active complex. Activator protein‐1 is activated by numerous upstream signals, including MAPK, JNK, and p38, which are stimulated by growth factors, chemical or physical stimulation, cytokines, and radiation. Activated AP‐1 interacts with the tetradecanoylphorbol acetate responsive sequence element in the promoter region of target genes, and regulates various kinds of downstream gene expressions associated with cellular responses against these extracellular stimulations.[3](#cas12914-bib-0003){ref-type="ref"}

Several reports have documented the aberrant expression of the AP‐1 protein family in human cancer specimens, including HNSCC.[4](#cas12914-bib-0004){ref-type="ref"}, [5](#cas12914-bib-0005){ref-type="ref"}, [6](#cas12914-bib-0006){ref-type="ref"} The DNA‐binding activity of AP‐1 is markedly elevated in cancerous tissue compared with that in normal mucosa. Furthermore, specific AP‐1 components such as c‐Jun, JunB, JunD, and c‐Fos proteins are predominantly overexpressed in human oral squamous cell carcinoma lesions.[6](#cas12914-bib-0006){ref-type="ref"} Because of its constitutive activation and the diverse responses it induces, AP‐1 plays a crucial role in promoting the malignant characteristics of tumor cells such as tumor cell invasion and migration.[7](#cas12914-bib-0007){ref-type="ref"}, [8](#cas12914-bib-0008){ref-type="ref"} Therefore, AP‐1 is potentially an attractive pharmacological target for cancer treatment.

T‐5224 (or 3‐{5‐\[4‐(cyclopentyloxy)‐2‐hydroxybenzoyl\]‐2‐\[(3‐hydroxy‐1,2‐benzisoxazol‐6‐yl) methoxy\] phenyl} propionic acid) is a non‐peptidic small molecule AP‐1 inhibitor that specifically inhibits the binding of AP‐1 to the AP‐1 binding site of the promoter region and was originally developed as an anti‐inflammatory drug for the treatment of rheumatoid arthritis (RA) suppressing inflammatory cytokines and MMPs without any side‐effects.[9](#cas12914-bib-0009){ref-type="ref"}

In this study, we investigated whether this novel AP‐1 inhibitor can prevent lymph node metastasis in an animal model of HNSCC that simulates the clinical features of highly metastatic HNSCC. In addition, we examined the mechanisms underlying the antimetastatic effect of T‐5224.

Materials and Methods {#cas12914-sec-0002}
=====================

Cell line and cell culture {#cas12914-sec-0003}
--------------------------

Human oral squamous carcinoma cell lines, OSC‐19[10](#cas12914-bib-0010){ref-type="ref"} and HSC‐3‐M3[11](#cas12914-bib-0011){ref-type="ref"} were used in this study. OSC‐19 was obtained from the Health Science Research Resources Bank (Japan Health Sciences Foundation; 2011). HSC‐3‐M3, a highly metastatic subline derived from HSC‐3, was kindly provided by Dr. Ota (Kanazawa Medical University; July, 2011), who established the cell line. These cell lines were grown in DMEM supplemented with 10% FBS and penicillin (50 units/mL)/streptomycin (50 μg/mL) in a humidified atmosphere (5% CO~2~) at 37°C.

Chemicals {#cas12914-sec-0004}
---------

T‐5224 was provided by Toyama Chemical (Tokyo, Japan). T‐5224 was dissolved in DMSO and diluted in culture medium to the target concentration for each experiment. For oral gavage administration, T‐5224 was dissolved in polyvinylpyrrolidone (PVP) solution according to the manufacturer\'s recommended procedure.

Invasion assay {#cas12914-sec-0005}
--------------

The invasion activity of highly metastatic cell line HSC‐3‐M3 at various concentrations of T‐5224 was assessed by the Cultrex Cell Invasion Assay (Trevigen, Gaithersburg, MD, USA). HSC‐3‐M3 cells were starved for 24 h with DMEM containing 0.5% FBS. The top chamber of the cell invasion device was coated with 50 μL of 0.1× basement membrane extract solution and incubated overnight. HSC‐3‐M3 cells (5.0 × 10^4^ cells/well) were added to the top chamber with DMEM containing 0.5% FBS mixed with 0--80 μM T‐5224; DMEM with 10% FBS was added to the bottom chamber and incubated for 48 h. The bottom plate was read using a multilabel plate reader (ARVO X3; PerkinElmer Japan, Osaka, Japan). The data were compared with the standard curve to determine the fraction of invaded cells.

Cell proliferation assay {#cas12914-sec-0006}
------------------------

Subconfluent HSC‐3‐M3 and OSC‐19 cells in flasks were resuspended in culture media, and 4000 cells/well were seeded in a 96‐well plate. Twenty‐four hours after preincubation, various concentrations of T‐5224 (0--80 μM) were added and incubated for up to 72 h. The WST‐8 assay (Cell Counting Kit‐8; Dojindo, Tokyo, Japan) was carried out at 0, 24, 48, and 72 h after treatment with T‐5224 according to the manufacturer\'s instructions. The absorbance at 450 nm was measured using a multilabel plate reader.

Scratch assay {#cas12914-sec-0007}
-------------

HSC‐3‐M3 and OSC‐19 cells were incubated with DMEM with 10% FBS in 100‐mm dishes. The culture surfaces on the dishes were scratched in line using a 200‐μL pipet tip and the dishes were washed with PBS. The medium was changed to DMEM supplemented with 1% FBS. The concentration of T‐5224 in the medium was 0--80 μM. Six fixed observation points were selected randomly from the scratched area, and a microscopic image was captured at each time point. Cell migration area was defined as the advanced area from the scratched border at 0 h after scratching; the area was measured using the NIH ImageJ software (<http://rsb.info.nih.gov/ij/>).

Morphological observation of HNSCC cells {#cas12914-sec-0008}
----------------------------------------

Subconfluent HSC‐3‐M3 cells were trypsinized; 5 × 10^5^ cells were seeded in 60‐mm dishes and incubated for 24 h in DMEM with 10% FBS. The medium was then replaced with either DMEM with 0.1% DMSO or 80 μM T‐5224. After 1 h of incubation, images were obtained using a phase‐contrast microscope (Axiovert 40 CFL; Carl Zeiss, Jena, Germany) every 1 min for 20 min. Confocal fluorescent microscopic images were also obtained using a confocal laser‐scanning microscope (LSM 510 META; Carl Zeiss). Cells on glass coverslips in 60‐mm dishes were incubated and treated with T‐5224 using the same method described above. After 6 h of incubation, the cells were fixed with 4% paraformaldehyde in PBS, and F‐actin and nuclei were stained with phalloidin and DAPI, respectively.

*In vivo* orthotopic tumor implantation model {#cas12914-sec-0009}
---------------------------------------------

The study protocols were reviewed and approved by the Animal Ethical Committee of the National Defense Medical College (no. 13075) (Tokorozawa, Japan) and were carried out in accordance with the Guidelines for Proper Conduct of Animal Experiments and the US Public Health Service Policy on Humane Care and Use of Laboratory Animals. Female 5--7‐week‐old BALB/c mice were used in this study. The mice were divided into two groups: T‐5224‐treatment (*n* = 30) and control (*n* = 27). HSC‐3‐M3 (1 × 10^5^ cells) were suspended in 50 μL Hank\'s Balanced Salts Solution and injected in the flank of the tongue at day 0. T‐5224 was diluted in PVP solution, and T‐5224 (150 mg/kg body weight) was given orally to the mice of the treatment group every day from day 1 for 4 weeks; PVP solution (vehicle) was given to the control group. The body weight and size of tumors were also measured. The volume of tongue tumor was calculated using the formula *V* = 1/2 *ab* ^2^ (where *V* is the volume, *a* is the longer diameter, and *b* is the shorter diameter) using a digital caliper.

The animals were killed and the tongue and cervical lymph nodes were dissected. The tissues were fixed with 10% formalin and embedded in a paraffin block. Sections (4‐μm thick) were sliced using a microtome and stained with H&E. Metastasis rate was assessed by counting the number of animals with positive metastasis (at least one positive lymph node metastasis per animal) in each group.

Real‐time semiquantitative PCR {#cas12914-sec-0010}
------------------------------

Subconfluent HSC‐3‐M3 cells were used for real‐time semiquantitative PCR. After incubation in medium containing T‐5224 for 1 h, PMA (10 ng/mL) was added, and the plates were incubated for an additional 24 h. Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the instructions. Expression of mRNA was measured using a One Step SYBR PrimeScript PLUS RT‐PCR Kit (Takara Bio, Shiga, Japan). The PCR primer sequences used for each gene were as follows: β‐actin, 5′‐TGGAGAAAATCTGGCACCAC‐3′ (forward) and 5′‐AATGGTGATGACCTGGCCGT‐3′ (reverse); MMP‐2, 5′‐TTGACGGTAAGGACGGACTC‐3′ (forward) and 5′‐ACTTGCAGTACTCCCCATCG‐3′ (reverse); and MMP‐9, 5′‐TTGACAGCGACAAGAAGTGG‐3′ (forward) and 5′‐GCCATTCACGTCGTCCTTAT‐3′ (reverse). Polymerase chain reaction was carried out with the Thermal Cycler Dice Real time system II (Takara Bio) under the following conditions: 42°C for 5 min and 95°C for 10 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. We used dissociation curve analysis to confirm the specificity of amplification of each product and the absence of primer dimers. *β‐actin* was used as a reference gene, and the relative mRNA level of each selected gene was measured by the ∆∆Ct method and was standardized by reference gene.

Gelatin zymography for measuring MMP‐2 and MMP‐9 activity {#cas12914-sec-0011}
---------------------------------------------------------

Matrix metalloproteinase activity was measured using a gelatin zymography kit (AK‐47; Cosmo Bio, Tokyo, Japan). Subconfluent cells in a culture flask were harvested and resuspended in DMEM with 1% FBS and then seeded in 60‐mm dishes. After incubation for 12 h, the medium was removed, and the cells were washed with PBS. Serum‐free DMEM with various concentrations of T‐5224 (0--80 μM) was added, and incubated for 24 h. Conditioned medium was collected and centrifuged at 400 `g` for 10 min at 4°C. Conditioned medium was mixed with an equal volume of sample buffer and was electrophoresed according to the instructions. Gel images were acquired digitally and processed using the ImageQuant TL software (GE Healthcare, Piscataway, NJ, USA).

*In situ* gelatin zymography of lingual tumor in orthotopic tumor implantation animal model {#cas12914-sec-0012}
-------------------------------------------------------------------------------------------

The gelatinase activities of MMP‐2 and MMP‐9 in unfixed frozen sections of HNSCC were estimated using dye‐quenched gelatin (DQ‐gelatin; Molecular Probes, Eugene, OR, USA). The orthotopic tumor implantation model with HSC‐3‐M3 cells was prepared as described above, and T‐5224 (150 mg/kg) or control vehicle was given orally every day for 21 days. Tongue tumors were resected, and 10‐μm thick serial cryostat sections were obtained. The assays were carried out according to a previously reported protocol.[12](#cas12914-bib-0012){ref-type="ref"} Briefly, a 1‐mg/mL DQ‐gelatin solution in sterilized water was diluted (1:10) in 1% (w/v) low gelling‐temperature agarose in PBS containing DAPI (1.0 μg/mL). Each cryostat section was covered with the DQ‐gelatin mixture (40 μL/section), and coverslips were put on the sections. After gelation at 4°C, the sections were incubated for 15 h at room temperature. The FITC fluorescence was detected at areas where DQ‐gelatin was degraded by the intrinsic gelatinase activity. To eliminate the background effect of autofluorescence of the tissue sample, serial sections without DQ‐gelatin were also observed.

Statistical analysis {#cas12914-sec-0013}
--------------------

All statistical analyses were carried out using the JMP 9.0 software (SAS Institute, Cary, NC, USA). Statistical significance was analyzed using Student\'s *t*‐test for the proliferation assay and *in vivo* tumor volume, Dunnett\'s tests for other *in vitro* experiments, and the χ^2^‐test for *in vivo* metastasis rate. *P*‐values less than 0.05 were considered statistically significant.

Results {#cas12914-sec-0014}
=======

Invasion activity was inhibited by T‐5224 in a dose‐dependent manner {#cas12914-sec-0015}
--------------------------------------------------------------------

To investigate whether treatment with T‐5224 inhibits the invasion activity of highly metastatic tumor cell line HSC‐3‐M3, we used an invasion assay system. In this assay, the bottom layer of the upper chamber is composed of a membrane coated with 0.1% basement membrane extract solution, which simulates the basement membrane *in vivo*. Invasion activity was assessed by counting the cells in the lower chamber, into which the cells arrived after traversing the membrane of the upper chamber. The fraction of invasion cells was 51% (±11 SD) in the control medium and 2.4% (±0.3 SD) in the medium containing 80 μM T‐5224. T‐5224 significantly inhibited the invasion activity of HSC‐3‐M3 cells in a dose‐dependent manner (Fig. [1](#cas12914-fig-0001){ref-type="fig"}).

![Effect of T‐5224 on the invasion activity of HSC‐3‐M3 head and neck squamous cell carcinoma cells. A basement membrane extract invasion assay was carried out to determine whether exposure to T‐5224 inhibited the invasion activity of HSC‐3‐M3 cells. T‐5224 inhibited the invasion activity in a dose‐dependent manner. Data represent the mean ± SD (*n* = 6). \*\*Statistically significant differences from the controls are shown (*P* \< 0.01).](CAS-107-666-g001){#cas12914-fig-0001}

T‐5224 had no cytotoxic activity *in vitro* {#cas12914-sec-0016}
-------------------------------------------

We assessed whether T‐5224 has inhibitory effects against tumor cell proliferation. HSC‐3‐M3 and OSC‐19 cells were incubated in T‐5224 (0--80 μM), and cell counts were carried out at 24, 48, and 72 h after treatment. T‐5224 did not significantly affect tumor cell proliferation (Fig. [2](#cas12914-fig-0002){ref-type="fig"}).

![Effect of T‐5224 on tumor cell proliferation *in vitro*. A WST assay was used to assess the effect of T‐5224 on the proliferation of HSC‐3‐M3 (A) and OSC‐19 (B) head and neck squamous cell carcinoma cells. T‐5224 had no influence on tumor cell proliferation *in vitro*. Data represent the mean ± SD (*n* = 6).](CAS-107-666-g002){#cas12914-fig-0002}

Cell motility was significantly inhibited by T‐5224 {#cas12914-sec-0017}
---------------------------------------------------

To assess the effect of T‐5224 on the migration activity of tumor cells, we carried out scratch assays using HSC‐3‐M3 and OSC‐19 cells. Tumor cells migrated from the scratched edge, and the area over which they migrated was measured. Figure [3](#cas12914-fig-0003){ref-type="fig"} shows the microscopic images and migration areas of HSC‐3‐M3 and OSC‐19 at each time point. HSC‐3‐M3 showed greater active migration ability than OSC‐19; this reflects the superior metastatic ability of HSC‐3‐M3. Cell migration was potently inhibited by T‐5224 in both cell lines in a dose‐dependent manner. Migration activity was almost completely inhibited in the medium containing 80 μM T‐5224 (Video S1).

![T‐5224 suppressed the migration ability of head and neck squamous cell carcinoma cells. A scratch assay was used to assess the *in vitro* migration ability of HSC‐3‐M3 (A) and OSC‐19 (B) cells. Areas over which the cells migrated away from the initial scratched borders were quantified using ImageJ software. The migration ability of HSC‐3‐M3 and OSC‐19 were potently suppressed in medium containing T‐5224. Data represent the mean ± SD (*n* = 6). \*\*Statistically significant differences from the controls are shown (*P* \< 0.01).](CAS-107-666-g003){#cas12914-fig-0003}

Morphological changes induced in tumor cells by T‐5224 {#cas12914-sec-0018}
------------------------------------------------------

Sequential images of tumor cells on culture dishes were obtained 1 h after changing the medium to control or T‐5224‐containing medium. The HSC‐3‐M3 cells in the control medium showed active migration accompanied by lamellipodia formation, contracting movement (Fig. [4](#cas12914-fig-0004){ref-type="fig"}A, arrow), and plasma membrane ruffling (Fig. [4](#cas12914-fig-0004){ref-type="fig"}A, arrowhead). However, cells in the T‐5224 medium showed inactive migration with decreased lamellipodia formation and ruffling. Fluorescence microscopic images of HSC‐3‐M3 and OSC‐19 cells incubated with T‐5224 maintained epithelial‐like morphology and showed inhibited lamellipodia formation (Fig. [4](#cas12914-fig-0004){ref-type="fig"}B, arrow).

![Morphological changes in tumor cells (HSC‐3‐M3 head and neck squamous cell carcinoma) after replacement with normal or T‐5224 (+) media. (A) Time‐lapse images of tumor cells in culture dishes were obtained using a phase‐contrast microscope. Top, images were captured at 1 h and 1 h 20 min after replacing the media. Tumor cells in the normal medium showed active migration, lamellipodia formation with contracting movement (arrow), and plasma membrane ruffling (arrowhead). Bottom, tumor cells in the T‐5224(+) medium showed suppressed migration, with decreased lamellipodia formation and ruffling. (B) Fluorescence confocal microscopic images of head and neck squamous cell carcinoma cells. F‐actin was stained with phalloidin (red) and the nuclei were stained with DAPI (blue). The series of images in the upper and lower rows correspond to tumor cells cultured in the control and T‐5224(+) medium, respectively. Lamellipodia formation (arrow) was inhibited in T‐5224‐treated cells. Scale bar = 50 μm.](CAS-107-666-g004){#cas12914-fig-0004}

T‐5224 inhibited cervical metastasis in orthotopic tumor implantation animal model {#cas12914-sec-0019}
----------------------------------------------------------------------------------

To confirm the antimetastatic effect of T‐5224 *in vivo*, we used an orthotopic tumor implantation model with HSC‐3‐M3, a highly metastatic cell line of oral squamous cell carcinoma. T‐5224 (150 mg/kg) was given every day for 4 weeks, and the cervical lymph nodes were harvested (Fig. [5](#cas12914-fig-0005){ref-type="fig"}A,B); H&E‐stained lymph nodes were observed microscopically. Tumor size was not significantly different between the T‐5224 group and the vehicle‐treated control group (Fig. [5](#cas12914-fig-0005){ref-type="fig"}C). However, the rate of positive metastasis was significantly lower in the T‐5224‐treated group than in the control group (74.1% in control group *versus* 40% in treatment group (*P* \< 0.05); Fig. [5](#cas12914-fig-0005){ref-type="fig"}D). T‐5224 showed significant inhibitory effects against lymph node metastasis in the animal model of HNSCC.

![Protocol and results of *in vivo* study using an orthotopic model of head and neck squamous cell carcinoma. (A) Timeline of *in vivo* study. After HSC‐3‐M3 cells were injected into the tongue, vehicle or T‐5224 were given every day for 4 weeks. PVP, polyvinylpyrrolidone. ^†^All mice were sacrificed on the 29th day after tumor inoculation into the tongue. (B) Primary lesion of tumor (arrow) and cervical lymph nodes (arrowhead) were observed. Lymph nodes were resected, and metastasis was assessed by H&E staining. Scale bar = 500 μm (middle image) and 100 μm (bottom image). (C) Tumor growth in the primary lesion. Tumors size did not differ significantly between the groups. Data represent mean ± SD. (D) The rate of lymph node metastasis was significantly lower in the T‐5224‐treated group than in the control group. \*Statistically significant difference from the control is shown (*P* \< 0.01).](CAS-107-666-g005){#cas12914-fig-0005}

Matrix metalloproteinase‐2 and ‐9 mRNA were inhibited by T‐5224 {#cas12914-sec-0020}
---------------------------------------------------------------

We investigated whether the expression of MMP mRNA was inhibited by T‐5224 *in vitro*. Real‐time semiquantitative PCR was carried out to assess MMP‐2 and ‐9 mRNA expressions in HSC‐3‐M3 cells pretreated with T‐5224. The relative expression levels of MMP‐2 and ‐9 mRNA were significantly reduced by incubation with 0--80 μM T‐5224 in comparison with the control (Fig. [6](#cas12914-fig-0006){ref-type="fig"}A).

![Effect of T‐5224 on the transcription and activity of MMP‐2 and ‐9. (A) T‐5224 suppressed the transcription levels of MMP‐2 and ‐9 mRNA in HSC‐3‐M3 head and neck squamous cell carcinoma cells. β‐Actin mRNA was used as an internal control. Data represent the mRNA levels of MMP‐2 and ‐9 incubated with 0, 40, and 80 μM T‐5224 relative to those in the control group. Data represent mean ± SD (*n* = 3). \*Statistically significant differences from the controls are shown (*P* \< 0.05), \*\*Statistically significant differences from the control are shown (*P* \< 0.01). (B) Gelatinolytic activity, which reflects the activity of MMP‐2 and ‐9, was quantified by gelatin zymography. HSC‐3‐M3 cells were incubated in dishes with different concentrations of T‐5224 (0, 20, 40, and 80 μM) for 24 h, and the supernatant of each medium was collected and electrophoresed. Relative density of MMPs at 20, 40 and 80 μM expressed as ratio of control was 0.85 ± 0.11, 0.43 ± 0.10, and 0.20 ± 0.03 for MMP‐2, and 0.72 ± 0.06, 0.47 ± 0.09, and 0.36 ± 0.07 for MMP‐9, respectively. The gelatinolytic activity of MMP‐2 and ‐9 was significantly suppressed by T‐5224. (C) To identify the localization of activated MMP‐2 and ‐9 in the tumor sites, *in situ* gelatin zymography was carried out using unfixed cryostat sections of orthotopically implanted tongue tumors. Green fluorescence corresponds to the gelatinolytic activity of MMP‐2 and ‐9. Images (a--d) are tangential sections of the tip of the tumor; images (e--j) are tumor center cross‐sections showing their tumor edge. The intensity of green fluorescence was compared between the control (a,b,e--g) and T‐5224‐treated groups (c,d,h--j). MMP activity was upregulated in the stromal tissue (arrowhead) close to the tumor cells (arrow) in the control groups, and was attenuated in the T‐5224‐treated groups. Scale bar = 100 μm.](CAS-107-666-g006){#cas12914-fig-0006}

T‐5224 attenuated the gelatinase activity of MMP‐2 and ‐9 {#cas12914-sec-0021}
---------------------------------------------------------

Matrix metalloproteinases are a family of proteases that play an essential role in tumor invasion and metastasis. Both MMP‐2 and MMP‐9 are collagenases that act on type IV collagen, which is a chief component of the basement membrane. To access the mechanism by which T‐5224 inhibits invasion activity, we carried out *in vitro* gelatin zymography to assess the activities of MMP‐2 and ‐9. HSC‐3‐M3 cells were incubated in medium containing T‐5224, and the supernatant of each dish was collected and electrophoresed. Bands in the gel represent degraded gelatin, thereby reflecting the degree of gelatinase activity. The bands at 98, 68, and 62 kDa represent proMMP‐9, proMMP‐2, and MMP‐2, respectively. The activities of both MMPs were attenuated by T‐5224 in a concentration‐dependent manner (Fig. [6](#cas12914-fig-0006){ref-type="fig"}B).

T‐5224 inhibited gelatinolytic activity of MMP‐2 and ‐9 in stromal tissue of implanted lingual tumor {#cas12914-sec-0022}
----------------------------------------------------------------------------------------------------

To evaluate the localization of the gelatinolytic activity of MMP‐2 and ‐9 in the implanted tumor and the therapeutic effect of T‐5224, we carried out *in situ* gelatin zymography using frozen sections. DQ‐gelatin contains quenched FITC molecules that are activated and start to fluoresce when DQ‐gelatin is degraded by MMP‐2 and ‐9. Strong green fluorescence was observed in the area of the stromal tissue that was close to the tumor cells in the control section (Fig. [6](#cas12914-fig-0006){ref-type="fig"}Ca--b,e--g). On the contrary, weak or no fluorescence was observed in the analogous area of the T‐5224‐treated group (Fig. [6](#cas12914-fig-0006){ref-type="fig"}Cc--d,h--j). Fluorescence of stromal tissue distant from tumor cells was not observed in either group. These findings indicate that T‐5224 inhibited the gelatinolytic activity of MMP‐2 and ‐9 in the stromal tissue at the invasive front of tumor cells, which is critical for the initiation of tumor invasion and metastasis.

Discussion {#cas12914-sec-0023}
==========

In this study, we demonstrated that T‐5224, a selective AP‐1 inhibitor, inhibited tumor cell migration and invasion in a dose‐dependent manner, and that oral administration of T‐5224 resulted in successful prevention of cervical lymph node metastasis in an orthotropic tumor implantation animal model. Our results suggest that inhibition of the expression of MMP‐2 and MMP‐9, and decreased cell motility may be one of the mechanisms by which T‐5224 prevents tumor metastasis.

Our preliminary experiment showed significant overexpression of the AP‐1 component, c‐Jun, in HSC‐3‐M3 cells, a highly metastatic subline compared to other human HNSCC cell lines including OSC‐19 (Fig. S1). Previous reports have described the relationship between AP‐1 activity and malignant metastasis,[7](#cas12914-bib-0007){ref-type="ref"}, [13](#cas12914-bib-0013){ref-type="ref"} and a positive correlation between c‐Jun expression and invasiveness and carcinogenesis of HNSCC[14](#cas12914-bib-0014){ref-type="ref"} has been reported. Based on these reports as well as our data, we suggest that the transcriptional activity of AP‐1 or c‐Jun expression plays a critical role in tumor metastasis in HNSCC.

Tumor metastasis occurs in multiple steps, beginning with decreased adhesiveness of cancer cells in the primary lesion, followed by enhanced cell motility and infiltration into the surrounding tissues by degradation of the extracellular matrix (ECM) and basement membrane. The ECM and basement membrane are composed of collagen, laminin, glycoproteins, and proteoglycans, and are degraded by proteolytic enzymes, including MMPs. Both MMP‐2 and ‐9 play important roles in the initiation of tumor invasion and migration by degrading type IV collagen.[15](#cas12914-bib-0015){ref-type="ref"}, [16](#cas12914-bib-0016){ref-type="ref"} This is important in the context of metastasis and the prognosis of HNSCC patients.[17](#cas12914-bib-0017){ref-type="ref"}, [18](#cas12914-bib-0018){ref-type="ref"}, [19](#cas12914-bib-0019){ref-type="ref"} The *MMP* genes have an AP‐1 binding sequence in their promoter regions and are transcriptionally regulated by AP‐1.[20](#cas12914-bib-0020){ref-type="ref"} In this study, T‐5224 successfully inhibited the invasion and gelatinolytic activities of MMPs in a dose‐dependent manner (Figs [1](#cas12914-fig-0001){ref-type="fig"} and [6](#cas12914-fig-0006){ref-type="fig"}). Moreover, T‐5224 strongly inhibited invasion activity even at low concentrations in the invasion assay. These results indicate that T‐5224 potently inhibits the essential steps of metastasis, infiltration through the basement membrane barrier and migration into the ECM, by transcriptionally suppressing the expression of MMP‐2 and ‐9.

We used *in situ* gelatin zymography to confirm the localization of the gelatinolytic activity of MMP‐2 and ‐9. The result revealed that the gelatinolytic activities of the MMPs were activated in the stromal tissue, close to the tumor cells, as with the previous study.[12](#cas12914-bib-0012){ref-type="ref"} Degradation of the ECM of stromal tissue occurs at the invasive edge of tumors and enables tumor cells to infiltrate surrounding stromal tissue, by co‐activating the tumor cells and surrounding fibroblasts. Our results showed that these activities were also significantly inhibited by T‐5224. Together with the results of the real‐time semiquantitative PCR, these findings suggest that transcriptional inhibition of the expression of MMPs by T‐5224 is not limited to tumor cells only; it also occurs in the ECM of the surrounding tissue, and consequently, inhibits tumor cells from infiltrating the surrounding tissue.

T‐5224 also significantly inhibited cell motility. Close observation of migrating tumor cells revealed that T‐5224 inhibited lamellipodia formation and ruffling. Other studies have indicated that AP‐1 is important for cell motility and that it is a key factor in cytoskeletal rearrangement, which is necessary for lamellipodia formation and cell motility.[14](#cas12914-bib-0014){ref-type="ref"}, [21](#cas12914-bib-0021){ref-type="ref"}, [22](#cas12914-bib-0022){ref-type="ref"}, [23](#cas12914-bib-0023){ref-type="ref"} Malliri *et al*.[14](#cas12914-bib-0014){ref-type="ref"} reported that EGF‐induced cell motility and lamellipodia formation were inhibited by the induction of dominant negative c‐Jun in squamous cell carcinoma cells. Our study showed a similar effect against cell motility, caused by the administration of T‐5224.

Apart from the mechanisms mentioned above, AP‐1 is involved in invasion and metastasis through the regulation of numerous genes related to metastasis. Activator protein‐1 regulates COX‐2,[24](#cas12914-bib-0024){ref-type="ref"} vascular endothelial growth factor,[25](#cas12914-bib-0025){ref-type="ref"} and urokinase plasminogen activator and its receptor,[26](#cas12914-bib-0026){ref-type="ref"} which contribute to tumor cell invasion and migration. Inflammation induced by cytokines and chemokines are often observed in the microenvironment in HNSCC and promotes tumor angiogenesis and invasiveness, and AP‐1 is also one of the key regulators of the inflammation in malignant tumor.[27](#cas12914-bib-0027){ref-type="ref"} Therefore, suppressing these cytokines by inhibition of AP‐1 might partly contribute to the antimetastatic effect of T‐5224. Moreover, AP‐1 has been associated with the loss of polarity of tumor cells, which is also known as epithelial--mesenchymal transition; morphological transition from an epithelial cell‐like phenotype to a mesenchymal cell‐like phenotype through Snail 1 repression.[28](#cas12914-bib-0028){ref-type="ref"}, [29](#cas12914-bib-0029){ref-type="ref"} Thus, AP‐1 regulates many downstream genes related to tumor invasion and migration. Although a strategy to control tumor metastasis by regulating individual genes or molecules has been reported previously,[30](#cas12914-bib-0030){ref-type="ref"}, [31](#cas12914-bib-0031){ref-type="ref"}, [32](#cas12914-bib-0032){ref-type="ref"}, [33](#cas12914-bib-0033){ref-type="ref"} tumor metastasis consists of multigenic pathways involving a number of signaling cascades and genes. These orchestrated mechanisms present difficulties when dealing with tumor metastasis. Activator protein‐1 is a final downstream target and has multiple upstream signaling cascades that are highly associated with tumor metastasis. Therefore, as a key regulator of metastasis, AP‐1 is an attractive and promising pharmacological target.

Although T‐5224 exerted its antimetastatic effect by inhibiting migration and invasion of tumor cells, by itself, it was not cytotoxic. Activator protein‐1 is involved in the cell cycle, proliferation, and apoptosis,[8](#cas12914-bib-0008){ref-type="ref"}, [34](#cas12914-bib-0034){ref-type="ref"} and an inhibitor of AP‐1 might exhibit antiproliferation activity in AP‐1 upregulated tumor cells. However, application of T‐5224 to HNSCC cells had no or limited effect on tumor growth *in vitro* or *in vivo* in our study. These findings are consistent with those reported previously that the expression of the dominant‐negative mutant of c‐Jun in HNSCC cells inhibited invasiveness without affecting proliferation.[14](#cas12914-bib-0014){ref-type="ref"} One of the mechanisms of cell proliferation mediated by AP‐1 is p53 repression by upregulated c‐Jun. However, p53 mutation is most commonly found in malignant tumors, including HNSCC,[35](#cas12914-bib-0035){ref-type="ref"} and certain forms of mutant p53 protein are resistant to p53‐mediated growth inhibition. As for cell lines used in this study, HSC‐3, a parental cell line of HSC‐3‐M3, has a p53 mutation lacking the ability to phosphorylate Ser46 of p53,[36](#cas12914-bib-0036){ref-type="ref"} resulting in resistance to p53‐mediated growth inhibition, and OSC‐19 has a disruptive mutation that leads to loss of p53 expression.[37](#cas12914-bib-0037){ref-type="ref"} This might explain the lack of tumor growth inhibition in the HNSCC cell lines by T‐5224.

T‐5224 was originally developed as an anti‐inflammatory drug against RA; it inhibits inflammatory cytokines and proteases,[9](#cas12914-bib-0009){ref-type="ref"} and a phase II clinical trial for RA is underway.[38](#cas12914-bib-0038){ref-type="ref"} This molecule also ameliorated inflammatory diseases including systemic sclerosis,[39](#cas12914-bib-0039){ref-type="ref"} lipopolysaccharide‐induced liver injury,[40](#cas12914-bib-0040){ref-type="ref"} endotoxin‐induced acute kidney injury,[41](#cas12914-bib-0041){ref-type="ref"} and allograft rejection.[42](#cas12914-bib-0042){ref-type="ref"} Effective doses of T‐5224 *in vivo* in our study (150 mg/kg) is higher than in other studies for chronic inflammatory diseases such as RA and systemic sclerosis, however, other research into acute inflammatory diseases required even an higher dose (300 mg/kg). We consider that the effective dose *in vivo* depends on the nature of the disease, and it is possible that higher doses might be required for cells in which activity of AP‐1 is intensively and constitutively activated by genetic mutations or substantial inflammation.

A daily dose of 150 mg/kg T‐5224 has been confirmed to be safe in rodents, and a lower daily dose might be enough to exert therapeutic effects against some inflammatory diseases.[9](#cas12914-bib-0009){ref-type="ref"}, [39](#cas12914-bib-0039){ref-type="ref"} Safety, ease of administration for clinical usage, and high therapeutic activity *in vivo* are some of the advantages of T‐5224. Therefore, we suggest that T‐5224 can be given safely in combination with the present standard treatment to prevent metastasis in HNSCC.
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**Video S1.** Time‐lapse (×900) microscopic movies of HSC‐3‐M3 in normal medium and T‐5224 medium. Confluent HSC‐3‐M3 cells were partially removed and incubated in each medium. T‐5224 showed a potent antimigratory effect against HSC‐3‐M3.
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Click here for additional data file.

###### 

**Fig. S1.** Western blot analysis of c‐Jun and c‐Fos expression in human oral squamous cell carcinoma cell lines; HSC‐3‐M3, HSC‐3, and OSC‐19. Overexpression of the activator protein‐1 component, c‐Jun, was observed for HSC‐3‐M3 cells, a highly metastatic subline of HSC‐3, whereas no difference was observed in c‐Fos expression. Relative expression of c‐Jun in HSC‐3‐M3, HSC‐3, and OSC‐19 was 1.00, 0.37, and 0.16 in OSC‐19 cells, respectively, and relative expression of c‐Fos was 1.00, 1.05, and 1.04, respectively.
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